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Modeling	
  
§  Subramanian	
  

Sankaranarayanan	
  (CNM)	
  
§  Kiran	
  Sasikumar	
  (CNM)	
  
Analysis	
  
§  Todd	
  Munson	
  (MCS)	
  
§  Sven	
  Leyffer	
  (MCS)	
  
§  Nicola	
  Ferrier	
  (MCS)	
  
§  Youssef	
  Nashed	
  (MCS)	
  
§  Tom	
  Peterka	
  (MCS)	
  
Ultrafast	
  Imaging	
  
§  Ian	
  McNulty	
  (NST)	
  
§  Ross	
  Harder	
  (XSD)	
  
§  Haidan	
  Wen	
  (XSD)	
  
§  Mathew	
  Cherukara	
  (XSD)	
  
§  Andrew	
  Ulvestad	
  (MSD)	
  



Objectives 

§  Pump-­‐probe	
  experiments	
  (Sector	
  7)	
  
§  Reac-ve	
  MD	
  (LAMMPS	
  Reax)	
  
§  Understanding	
  phonon	
  breathing	
  modes	
  
§  Understanding	
  reac-on-­‐induced	
  strain	
  
§  LaVce	
  fiVng	
  
§  Fast	
  phase	
  reconstruc-on	
  
§  Comparing	
  results	
  in	
  different	
  -me/

length	
  scales	
  
§  Workflow	
  development	
  
§  AYrac-ng	
  new	
  talent	
  
§  Learning	
  a	
  new	
  language	
  
§  AYrac-ng	
  new	
  funding	
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J. N. Clark, et al.  
Science 341 (6141): 56–59. 
 Displacement of Au atoms after 

20 ps in 0.55 MM ascorbic acid. 

Simulation and experiment are 
integrated through data analysis. 



Phonons: Sound Waves that Carry 
Heat in Crystal Lattice Vibration 

§  Heat	
  dissipa-on	
  of	
  next-­‐genera-on	
  
semiconductors	
  

§  Conversion	
  of	
  wasted	
  heat	
  into	
  
electricity	
  in	
  thermoelectric	
  materials	
  

§  Electrochemical	
  processes	
  across	
  liquid-­‐
solid	
  interfaces	
  in	
  water	
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http://water.org/water-crisis/water-facts/water/ 

-­‐	
  phase	
  transi-ons	
  
-­‐	
  bond	
  so]ening/hardening	
  
-­‐	
  ferroelectricity	
  
-­‐	
  solid/liquid	
  interfaces	
  
-­‐	
  heat	
  dissipa-on	
  
-­‐	
  phononic	
  local	
  structure	
  
-­‐	
  phase	
  front	
  propaga-on	
  
-­‐	
  spectrometry	
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  In-­‐situ	
  and	
  operando	
  characteriza-on	
  of	
  materials	
  evolu-on	
  
–  Mechanical	
  response	
  at	
  nanometer	
  length	
  scales	
  

•  Structural	
  response	
  to	
  chemical	
  reac-ons	
  &	
  in-­‐situ	
  catalysis	
  
•  Decomposi-on	
  of	
  semiconductors	
  in	
  contact	
  with	
  noble	
  metals	
  
•  Structural	
  changes	
  in	
  crystals	
  due	
  to	
  defect	
  forma-on	
  and	
  removal	
  
•  Alloying	
  and	
  dealloying	
  	
  
•  High	
  temperature	
  and	
  pressure	
  

–  Domain	
  wall	
  (magne-c,	
  orbital,	
  charge)	
  structure	
  in	
  the	
  complex	
  oxides	
  and	
  
mul--­‐layer	
  

–  Phase	
  transi-ons	
  vs	
  temperature	
  and	
  magne-c	
  field	
  

Coherent diffractive imaging of solid  
state reactions in zinc oxide crystals.  
Leake, S. J., Harder, R., & Robinson, I. K.  
(2011) New Journal of Physics, 13(11), 113009 

Cha,	
  Wonsuk,	
  et.	
  al	
  2013	
  	
  
Nat	
  Mater	
  12	
  (8)	
  729–34.	
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Figure 3 |Measured strain and FEA simulation of the effect of surface
stress. a, Image of the measured crystal with a single contour of the
difference density 1⇢(r) superimposed, coloured according to its phase.
b, Calculated vertical component of the displacements of a model facetted
gold nanocrystal with a tensile surface stress �S = 1.5 N m�1 applied to the
facets alone. c, The same as in b with a tensile surface stress
�S = 0.75 N m�1 applied to the facets and a compressive surface stress
�S = �0.75 N m�1 applied to the spherical surface regions. d, The same as
in b with a compressive surface stress �S = �1.5 N m�1 applied to the
spherical surface regions alone. A sphere of radius 145 nm is attached to a
skin layer of 5 nm thickness used to apply the stress. Four 40� facets
intercept the sphere, also with 5 nm skins. e, Schematic of the relative
motions at the nanocrystal surface induced by thiol adsorption: the crystal’s
flat facets are observed to contract inwards relative to its spherical regions.

spherical, regions of the crystal surface than its flat facets, leading
to the clear pattern of strain we observe. The magnitudes of
surface stress involved, up to �16Nm�1 seen for cantilevers24
and the 9.5Nm�1 differential stress reported here, are large for
clean metals, which typically have tensile surface stresses in the
range26 of 4Nm�1. Chemisorption of electronegative elements on
metals typically leads to compressive stress changes in the range27
of �5Nm�1. Much of the discussion of SAMs in the literature23–25
considers only the flat configuration appropriate to surface-science
studies on extended crystals10 but, as pointed out25, even for long-
chain thiols, the large stress cannot arise from the van der Waals
chain–chain interactions or other weak forces alone, but requires at
least ionic or covalent rearrangements. Indeed the Au–S interaction
plays a crucial role in SAM formation: the structure of very small
(1.6 nm) thiolated nanocrystals has its Au–Au spacings strongly
disrupted and sulphur intermixed with gold in the outer layers2.
Our findings support this model and show strong thiol-induced
deformations of our 300 nm crystals with strains penetrating more
than 20 nm from the outer surface towards the crystal core, where
strains are absent. The tight-radius spherical parts of our 300 nm
nanocrystals might also undergo strong Au–S intermixing that
would indeed be able to provide sufficient stress. Intermixing
reactions involving atomic diffusion of Au at room temperature
would also be an attractive explanation of the relatively slow kinetics
seen in both our X-ray and the cantilever experiments.

Our observation of relative contraction of the facets and
expansion of the curved surface regions of Au nanocrystals,
illustrated in Fig. 3e, leads to the conclusion that the curved and

flat regions react very differently to SAM-forming thiol ligands.
This explains the strong effect of grain size on cantilever bending
stresses in polycrystalline films24. To the extent that surface stress
and surface energy are coupled26, we would expect the presence
of thiol ligands to affect the facet/sphere proportion in the ECS
(ref. 17). Variation of growth morphology, also directly influenced
by stress11,28, may explain how surface-active thiolated ‘additives’
can lead to ‘curvature-enhanced acceleration’ in the damascene
electroplating process29.

Methods
Gold nanocrystals. Silicon wafers were first cleaned in Piranha solution and then
coated with an evaporated layer of 20 nm gold on top of an evaporated 1 nm
Ti adhesion layer. The thin-film samples were then heated to 1,050 �C for 12 h
in a laboratory furnace purged with flowing nitrogen gas. Subsequent scanning
electron microscopy (SEM) showed the formation of arrays of nanocrystals with
a small range of sizes centred around 200 nm in diameter, separated by 1–2 µm.
SEM showed that they had not quite reached the expected ECS, spherical with
{111} facets; owing to incomplete dewetting, the crystals were wider than they
were tall with the specular (111) facet more extended than the six off-specular
side facets. The aspect ratio was about 1.5:1. Importantly for this experiment,
both rough, spherical and flat, facetted surface regions were simultaneously
present in the shape.

CXD experiments. Coherent X-rays of 8.92 keV from the 34-ID-C beamline
of the Advanced Photon Source (APS) were focused onto the sample using
Kirkpatrick–Baez (KB) mirrors that achieved a focus around 2⇥2 µm2. The
diffraction pattern was measured using a direct-detection CCD (charge-coupled
device) with 22.5 µm2 pixels located on the detector arm, 1.03m away from the
sample. The 3D CXD pattern was then acquired as a ✓-scan, rotating in 81 steps
of 0.01� about a vertical axis. The CXD patterns were inverted to images with a
3D Fourier transform and coordinate transformation, following support-based
phasing using a version of Fienup’s hybrid input–output algorithm14,15,30.

Thiol dosing. A syringe with its needle piercing the nitrogen-gas environment
above the sample was remotely actuated to avoid any disturbance of the KB–sample
alignment at the submicrometre level. The syringe was previously filled with a 5mM
solution of propane thiol, C3H7SH, dissolved in pure ethanol.

FEA. The COMSOL FEA package was used to simulate the strain pattern
introduced in a facetted gold sphere of 300 nm diameter by a differential surface
stress. Four circular flat facets, each subtending 40�, were placed in contact with a
thin skin of the same material of thickness h= 5 nm containing one value of the
bulk isotropic stress of �x = �y = �z = �B (in units of pascal) over the facets and
another value over the spherical surface regions. The surface stress, equal to the
‘mechanical surface tension’, is then given by �S =�Bh in units of newton per metre
or joules per square metre.

Received 18 April 2011; accepted 18 August 2011; published online

25 September 2011
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Coherent Diffraction Imaging: Applications 
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Reciprocal	
  Space	
  Constraints	
  
Experimental	
  Amplitudes	
  

Oversampled,	
  Thresholded,	
  ZeroPadded	
  

Direct	
  Space	
  Constraints	
  
Evolving	
  Support	
  

Total	
  Energy.	
  Mixing	
  old	
  and	
  new	
  
iterates.	
  Posi-vity	
  

	
  

FFT

FFT − 1
u(n)	
  
	



τ(n)	
  

	



1000’s	
  of	
  itera-ons	
  and	
  mul-ple	
  random	
  starts	
  required	
  for	
  high	
  fidelity	
  data!	
  

Phase Retrieval: 
Challenging and Costly Inverse Problem 



Fast Phasing Library (FPL) 
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§  Group	
  phase	
  retrieval	
  methods	
  and	
  tricks	
  in	
  one	
  library	
  
§  Runs	
  on	
  various	
  plamorms	
  (from	
  user	
  laptops	
  to	
  HPC	
  systems)	
  
§  Hardware-­‐independent	
  code	
  through	
  ArrayFire	
  
§  Easy	
  to	
  customize,	
  maintain	
  and	
  extend	
  
§  Currently	
  over	
  100x	
  faster	
  than	
  GPU	
  accelerated	
  MATLAB	
  code,	
  ~500X	
  

over	
  the	
  CPU	
  version	
  

CUDA,	
  Intel	
  MKL,	
  Intel	
  IPP,	
  OpenCL,	
  MAGMA,	
  Eigen,	
  
Armadillo,	
  etc	
  …	
  	
  

Mult-­‐Core	
  CPUs,	
  
Xeon	
  Phi	
  

GPUs,	
  CPUs	
   GPUs	
   FPGAs	
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Time-resolved CDI 

X-­‐ray	
  beam	
  

To	
  detector	
  

Laser	
  delivery	
  Fluid	
  cell	
  

§  Laser	
  pump,	
  X-­‐ray	
  probe	
  at	
  
Sector	
  7	
  

§  Combine	
  with	
  CDI	
  
§  Provide	
  dynamical	
  map	
  of	
  

excited	
  modes	
  in	
  sample.	
  
§  <10	
  nm	
  spa-al	
  resolu-on	
  

possible	
  with	
  100	
  ps	
  temporal	
  
resolu-on.	
  

J. N. Clark, et al.  
Science 341 (6141): 56–59. 
 



Phase	
  retrieval	
  
at	
  select	
  -mes	
  

	
  
Need	
  to	
  measure	
  the	
  

complete	
  rocking	
  curve	
  at	
  
those	
  points	
  

Case Study 1: Dynamic Response of Au Crystals 

Reciprocal	
  space	
  view	
  

Real	
  space	
  view	
  

Laser	
  on	
  

3.5	
  A0	
  

-­‐3.5	
  A0	
  



Case Study 2: Volumetric and Deviatoric Deformation 
Modes in ZnO Crystal 

Reciprocal	
  space	
  view	
  

Phase	
  retrieval	
  
at	
  select	
  -mes	
  

	
  
Need	
  to	
  measure	
  the	
  

complete	
  rocking	
  curve	
  at	
  
those	
  points	
  

1.625	
  A0	
  

-­‐1.625	
  A0	
  

Laser	
  on	
  



Reverse Problem Workflow 
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LAMMPS

CDI
Peak

Detector

Peak StatsDiffraction
Pattern

Atom Positions

CDI
Simulator

Diffraction
Pattern

Peak Stats

Peak
Detector



100	
  nm	
  aluminum	
  
shell	
  on	
  300	
  nm	
  gold	
  

100	
  nm	
  
Aluminium	
  

• Pump	
  laser	
  absorbed	
  by	
  
outer	
  laer	
  

Delay	
  

COM	
  shi?	
  

Change	
  in	
  peak	
  width	
  

Peak	
  width	
  

Peak	
  
posiCon	
  
or	
  COM	
  

(a) 

(c) 

(e) 

Case Study 3: Induced Shock Waves in Au Coated 
with Al 

MD	
  simula-ons	
   Calculated	
  diffrac-on	
  paYern	
  



§  LaVce	
  change	
  occurs	
  at	
  junc-ons	
  involving	
  the	
  flaYest	
  facet	
  
§  Electron	
  injec-on	
  should	
  create	
  largest	
  electric	
  field	
  at	
  crystallographic	
  

discon-nui-es	
  or	
  apexes,	
  providing	
  “hot	
  spots”	
  for	
  the	
  reac-on	
  

Case Study 4: Ascorbic Acid Decomposition on Gold 
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�

���
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Atomistic Simulation of Nanocatalytic Activity 
on Au Nanosurfaces 

Yellow - Gold 
Green - Carbon 

Red - Oxygen 
Blue - Hydrogen 

Sample schematic of simulated system 
1M acid + water + gold (truncated octahedron) 
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Effect of Acid Molarity 

Displacement of Au atoms after 200 ps 

(a)	
  0.1	
  M	
   (b)	
  0.55	
  M	
  

(c)	
  1	
  M	
   (d)	
  2	
  M	
  

(e)	
  

(f)	
  

Gold	
  
Oxygen	
  

Hydrogen	
  

15	
  



Adsorption Pathway 
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Forward Problem Workflow 
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Lattice
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Thresholding

Density
Isovolume

Diffraction
Pattern
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Strain Stats
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Max

Max

Strain Stats

Atom Positions

Reconstruction
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Phase
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Lattice Fitting 
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Modeling Ascorbic Acid Decomposition on Gold 
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CXDI	
  Experiment	
   FEM	
  (COMSOL)	
   MD	
  (ReaxFF	
  –	
  LAMMPS)	
  

Experiment	
  
vs.	
  

Theory	
  

FEM	
  Result	
  

Force	
  from	
  
MD	
  as	
  input	
  

to	
  FEM	
  
Snapshot	
  of	
  Au	
  and	
  
chemisorbed	
  OH.	
  Au	
  

colored	
  by	
  displacement	
  
from	
  reference	
  laVce.	
  

MD	
  also	
  reveals	
  
underlying	
  mechanism.	
  



Food for Thought 
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§  Science	
  challenges	
  
–  Time	
  and	
  space	
  scales	
  

•  Experiment:	
  10-­‐20	
  nm	
  resolu-on,	
  par-cle	
  size	
  >	
  100	
  nm;	
  -me	
  resolu-on	
  
100	
  ps	
  at	
  the	
  APS	
  

•  Modeling:	
  1B	
  atoms,	
  100	
  nm	
  par-cle,	
  1	
  atom	
  spa-al	
  resolu-on;	
  -me	
  
step	
  1	
  fs,	
  10s	
  of	
  ns	
  dura-on	
  

–  Comparing	
  experiment	
  with	
  model	
  
•  Measure	
  different	
  quan--es	
  or	
  the	
  same	
  quan-ty	
  differently	
  
•  We	
  can	
  measure	
  strain	
  on	
  one	
  laVce	
  vector;	
  how	
  do	
  we	
  do	
  that	
  in	
  3d?	
  In	
  
atomic	
  scale?	
  

•  Various	
  techniques	
  are	
  appropriate	
  for	
  different	
  scale	
  models	
  (eg	
  FEM	
  
instead	
  of	
  MD)	
  

§  CS	
  challenges	
  
–  Language	
  barriers	
  
–  Time	
  and	
  space	
  scales	
  
–  Workflows:	
  automa-on,	
  reproducibility	
  



Food for Thought 
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§  Next	
  steps	
  
–  Dra]	
  paper	
  for	
  submission	
  to	
  a	
  journal	
  
–  Complete	
  analysis	
  of	
  systems	
  we	
  measured	
  ZnO	
  and	
  AuAl,	
  MD	
  model	
  

those	
  systems	
  
–  Corrosion	
  experiment,	
  submiYed	
  proposal	
  for	
  beam	
  -me	
  at	
  34	
  and	
  

compute	
  -me	
  Cu	
  in	
  salt	
  water	
  
–  In	
  situ	
  reconstruc-on	
  and	
  analysis	
  
–  Machine	
  learning	
  to	
  fit	
  measured	
  diffrac-on	
  paYern	
  to	
  database	
  of	
  

diffrac-on	
  paYerns	
  (AICDI	
  LDRD)	
  



Funding Opportunities 
§  Workshops:	
  Workflows	
  workshop,	
  

Experimental	
  and	
  Observa-onal	
  
Data	
  workshop,	
  Rumored	
  
upcoming	
  experiment	
  +	
  simula-on	
  
workshop	
  

§  ECP	
  
§  BESAC	
  future	
  direc-ons	
  

–  “Beyond	
  Ideal	
  Materials	
  and	
  
Systems:	
  Understanding	
  the	
  
Cri-cal	
  Roles	
  of	
  Heterogeneity,	
  
Interfaces,	
  and	
  Disorder”	
  (e.g.,	
  
corrosion)	
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§  Maui	
  website	
  (public)	
  
	
  hYp://tpeterka.github.io/maui-­‐project/	
  

§  Maui	
  project	
  site	
  (private)	
  
	
  hYps://bitbucket.org/tpeterka1/maui	
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